H I G H L I G H T S
• A new HSA Index allows for mitigation of pollutant transfers.
• Flow sinks caused 17-33% of catchment areas to become hydrologically disconnected.
• HSA sizes were empirically estimated using rainfall-quickflow measurements.
• HSAs represented 2.9-8.5% of catchment areas during upper quartile storm events.
• Targeting riparian buffer strips at HSA delivery points would reduce costs.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o
Identifying critical source areas (CSAs) of diffuse pollution in agricultural catchments requires the accurate identification of hydrologically sensitive areas (HSAs) at highest propensity for generating surface runoff and transporting pollutants. A new GIS-based HSA Index is presented that improves the identification of HSAs at the sub-field scale by accounting for microtopographic controls. The Index is based on high resolution LiDAR data and a soil topographic index (STI) and also considers the hydrological disconnection of overland flow via topographic impediment from flow sinks. The HSA Index was applied to four intensive agricultural catchments (~7.5-12 km 2 ) with contrasting topography and soil types, and validated using rainfall-quickflow measurements during saturated winter storm events in [2009] [2010] [2011] [2012] [2013] [2014] . Total flow sink volume capacities ranged from 8298 to 59,584 m 3 and caused 8.5-24.2% of overland-flow-generating-areas and 16.8-33.4% of catchment areas to
Introduction
Diffuse pollution from agricultural land to waterbodies has been identified as a major cause of eutrophication and water quality degradation worldwide (Jarvie et al., 2013; Daniel et al., 1998) , with mitigation measures part of wide ranging and international environmental policies (Schoumans et al., 2014; Mcdowell and Nash, 2012; Murphy et al., 2015) . Catchment areas at highest transfer risk of pollutants are termed critical source areas (CSAs) and are often identified as land use conflict areas (Valle Junior et al., 2014) . More specifically, CSAs are where pollutant sources coincide with areas of high mobilisation potential and hydrologically sensitive areas (HSAs) that have the highest propensity for surface runoff generation, pollutant transport and delivery via hydrologically connected pathways (Pionke et al., 2000; Walter et al., 2000; Agnew et al., 2006) (Fig. 1 ). HSAs are a water quality concept relating saturation-and-infiltration-excess mechanisms of overland flow generation and hydrological connectivity concepts to associated pollutant transport, delivery and CSAs ( Fig. 1 ; Walter et al., 2000; Agnew et al., 2006) . They must be accurately identified if mitigation measures and best management practices aimed at reducing or offsetting diffuse pollution are to be cost-effectively designed and targeted Doody et al., 2012) .
Recent research has demonstrated the importance of accurately identifying HSAs when identifying and mitigating CSAs. Catchment hydrology has been found to be an important part of CSAs of phosphorus transfers in agricultural catchments (Campbell et al., 2015; Ulén et al., 2007; Heckrath et al., 2008; Shore et al., 2014) . In some of these studies, HSAs were a dominant CSA factor which outweighed source and land management pressures Buda et al., 2009; Mellander et al., 2015; Needelman et al., 2004; Kleinman et al., 2011; Fig. 1) . Catchment areas were hydrologically sensitive to rainfall because of the prominence of poorly drained soils (with low permeability and/or infiltration capacity), or impermeable subsurface soil layers such as fragipans that caused perched water tables. Such findings are consistent with the concept of the pollutant transfer continuum (Haygarth et al., 2005; Lemunyon and Gilbert, 1993) , whereby pollutant sources are only delivered to receiving waters if transport pathways exist (Fig. 1) .
In certain CSA definitions, watercourse proximity is typically used as a proxy of runoff propensity (Lemunyon and Gilbert, 1993; Gburek et al., 2000; Sharpley et al., 2003; Srinivasan and Mcdowell, 2007) . Land adjacent to watercourses is assumed to be a HSA, and as such is considered a CSA if source pressures exist (Campbell et al., 2015; Gburek et al., 2000) . This approach is convenient for implementing measures within agricultural policy, and is the basis of riparian buffer strip (RBS) measures which, from a water quality point of view, are designed to impede surface runoff and reduce pollutant delivery. However, the approach is also an extreme simplification of reality, as overland flow tends to channelise and converge due to topographic and microtopographic influences (Thomas et al., 2014; Marjerison et al., 2011; Qiu, 2003) and does not always flow uniformly downslope as a sheet (Ó hUallacháin, 2014; White and Arnold, 2009 ). Thus some CSA definitions overestimate the size of the HSA at the stream and underestimate HSAs upslope, and hence poorly define pollutant transport potential in surface runoff Srinivasan and Mcdowell, 2009 ).
More scientifically robust approaches to delineating HSAs include topographic indices which use Digital Elevation Models (DEMs), such as the Topographic Wetness Index (TWI) by Beven and Kirkby (1979) . It is defined as TWI¼ ln ð α = tanβ Þ, where α is the cumulative upslope drainage area per unit contour length and tanβ is the surface slope gradient. Larger upslope drainage areas and shallower slopes will produce larger TWI values which indicate higher runoff propensity (Quinn et al., 1991) . A modification called the soil topographic index (STI) also accounts for the soil water storage capacity, and is defined as STI¼ lnð α = tanβ Þ À ln ðK s DÞ, where D is the local soil depth in metres to the restrictive layer (e.g. bedrock or fragipan) and K s is the mean saturated hydraulic conductivity of the soil profile in metres per day above the restrictive layer (Walter et al., 2002) . Shallower soils and those with lower saturated hydraulic conductivities will have lower soil water storage capacities and higher runoff propensities. Thus the approach accounts for hydrological disconnection of overland flow from the open drainage channel network due to reinfiltration at unsaturated soils which have larger soil water storage capacities. Topographic indices have been found to improve predictions of soil moisture, HSAs and pollutant loads from diffuse sources compared to approaches that do not consider topography, such as watercourse proximity Agnew et al., 2006; Hahn et al., 2014) .
However, topographic indices such as the TWI or STI do not consider the hydrological disconnection of overland flow from topographic impediment within flow sinks such as depressions, hummocks, hedgerow banks or other microtopographic features. Thus they do not differentiate between hydrologically active areas (HAAs; overland-flow-generatingareas) and HSAs (runoff-generating-areas). This is because topographic indices are typically derived from hydrologically corrected DEMs which remove (fill) all flow sinks so that flow pathways are continuous and hydrologically connected to the catchment outlet (Jenson and Domingue, 1988; Maune et al., 2007) . This improves the modelling of subsurface and groundwater flow pathways and associated propensity for overland flow generation. However, removing flow sinks incorrectly assumes that all of these features do not exist, and are a result of DEM vertical error (Lindsay and Creed, 2006; Wechsler, 2007) . In fact many flow sinks are real topographic features which have important influences on the pathways and hydrological connectivity of overland flow once it is generated (Li et al., 2011; Lane et al., 2009) . This is important because once overland flow is impeded, it will reinfiltrate and deposit and immobilise dissolved or entrained pollutants, and hence the upslope drainage area will not be a HSA or CSA (Fig. 1) . These microtopographic features often dominate agricultural catchments, and must be considered when identifying HSAs/CSAs and targeting mitigation measures as they could represent existing mitigating features in the landscape (Thomas et al., 2014; Sherriff et al., 2015) .
High resolution DEMs with high vertical accuracies derived from Light Detection and Ranging (LiDAR) technology can now accurately capture these microtopographic flow sinks (Maune et al., 2007; Lindsay and Creed, 2006; Li et al., 2011) . Furthermore, they allow modelling of HSAs and CSAs at optimal resolutions, accounting for microtopographic controls on surface runoff pathways, hydrological connectivity and soil erosion (Vaze et al., 2010; Djodjic and Villa, 2015; Galzki et al., 2011; Petroselli, 2012) . As such, breakthrough points and delivery points along surface runoff pathways where pollutants are transported between fields or delivered to the open drainage network, respectively, can now also be accurately identified (Thomas et al., 2014) . LiDAR DEMs could therefore significantly improve the identification of HSAs and targeting of mitigation measures such as RBS within agricultural policies to reduce diffuse pollution from CSAs.
To improve the identification of HSAs, in order to accurately delineate CSAs of diffuse pollution and target mitigation measures, this study had three objectives: (1) to develop a GIS-based HSA Index which uses LiDAR DEMs and the STI, and accounts for hydrological disconnection of overland flow via topographic impediment from flow sinks; (2) to validate the HSA Index using rainfall-quickflow measurements; (3) to identify cost-effective locations at identified HSAs where sub-field scale diffuse pollution mitigation measures such as RBS could be targeted.
Materials and methods

Study sites and deriving STI maps
Four agricultural catchments in Ireland were selected for this study (Fig. 2) . Catchment details are fully described elsewhere (Wall et al., 2011; Jordan et al., 2012; Shore et al., 2013) , and the main hydrophysical details are summarised in Table 1 .
To derive TWI and STI maps, 2 m resolution LiDAR DEMs were utilised ( Supplementary Fig. 1 ). These represented optimal grid resolutions for modelling flow pathways in catchments dominated by microtopography, and were resampled from 0.25 m resolution LiDAR DEMs with horizontal and vertical accuracies of 0.25 m and 0.15 m, respectively (Thomas et al., 2014) . A multi-step method (work-flow described in Supplementary  Fig. 2 ) was used to hydrologically correct DEMs and derive TWI maps. DEMs were hydrologically corrected in SAGA GIS v.2.1 by 'burning' a field-mapped open drainage channel network into the DEM. To model fully connected flow pathways to the catchment outlets, flow sinks were identified and filled using the method for LiDAR datasets by Wang and Liu (2006) . The Deterministic Infinity method by Tarboton (1997) was used to model multiple flow directions and upslope drainage areas, and slope was modelled using the method by Zevenbergen and Thorne (1987) . To derive STI maps, soil subgroup maps from the Irish Soil Information System (Creamer et al., 2014) were imported into ArcGIS v10.0 and improved using additional soil sampling, expert knowledge and the DEMs. The dominant soil series for each soil subgroup was identified based on these data and assigned to each soil subgroup. The Irish Soil Information System was then used to extract soil series properties used for D (soil depth) and K s (soil texture, bulk density and soil horizon thickness). A pedotransfer function was used to determine bulk densities of soil horizons where data were unavailable (Reidy et al., 2016) . K s values were calculated using the Retention Curve model (van Genuchten et al., 1991) , and a ln(K s D) raster was then created. As texture, and hence K s D, is not determinable for peat soils, a K s D value of 0.083 was assigned which was the equivalent value of the Kilrush soil series (Typical Surface-water Gley) (R. Creamer, pers comm). Similarly, roads identified using orthophotos were assigned an arbitrary K s D value of 0.002, representing their impermeability and high runoff risk. Other linear features such as farm tracks and wheelings were not considered due to variability in permeability, location and lack of information. Also, although subsurface artificial drainage may increase K s , this was not considered in this study, as field surveys of drainage ditches suggest few exist in these catchments, and high variability may exist in their design, age and effectiveness. An STI map was then created by subtracting the ln(K s D) raster from the TWI raster using the raster calculator tool.
Empirically estimating HSA sizes using rainfall-quickflow measurements
To validate the HSA Index, high resolution rainfall-quickflow measurements from 2009 to 2014 were used to empirically estimate the size of runoff-generating-areas (HSAs) during storm events in each catchment. Daily rainfall depths were calculated from gauging stations within the catchments. Quickflow volumes were estimated by separating hydrographs of hourly discharge (measured at 10 minute intervals from automatic gauging stations at catchment outlets), using a graphically interpreted hydrograph separation method described by Mellander et al. (2012 Mellander et al. ( , 2015 . Although quickflow volumes were likely a sum of surface runoff, preferential flow and tile and ditch drainage, all quickflow was assumed to be surface runoff in this study. This assumption was supported from field surveys of the drainage ditches within the study catchments which showed little evidence of subsurface drainage. The Soil Moisture Deficit (SMD) model by Schulte et al. (2005) was used to calculate daily SMDs for each soil drainage class for the same period using meteorological data. Quickflow events were selected during winter and spring months on days with saturated conditions (i.e. ≤ 0 mm SMD depending on the soil drainage class), when saturation-excess (and potentially infiltration-excess) HSAs would become most active. To minimise noise from old water contributions (i.e. time lag ; Fenton et al., 2011) , only events that were not preceded by heavy rainfall/ quickflow were selected. For each selected event, the daily quickflow volume (m 3 ) was divided by the daily rainfall depth (m) to estimate the HSA size (m 2 ) generating the observed quick flow (runoff) volume. The HSA size as a proportion of the catchment was then calculated for median, lower quartile (LQ) and upper quartile (UQ) rainfallquickflow events.
Developing the HSA Index by accounting for flow sinks
An HSA Index (dimensionless) was developed by modifying the STI to account for the effects of flow sinks on hydrological connectivity of overland flow. This modification involved reducing STI values in upslope drainage areas of flow sinks large enough to topographically impede and trap overland flow generated within an UQ storm event (method shown in Supplementary Fig. 2 ). To do this, flow sinks were extracted from the DEM, and their depth and area used to calculate their overland flow volume capacity. These sink maps were derived from 0.25 m LiDAR DEMs to improve accuracy and then resampled to 2 m grid resolutions to optimise modelling of flow sink upslope drainage areas and reduce computational demands. Flow sinks within lakes and the open drainage channel network were removed as they were assumed hydrologically connected to the catchment outlet. Very small flow sinks (b 0.05 m depth and b 1 m 3 volume capacity) were also removed as they would likely have a negligible effect on impeding overland flow and could also represent DEM vertical error (flow sinks b 1 m 3 numbered between 2772 and 7782).
To calculate the overland flow volume generated within the flow sink upslope drainage area, the size of the HAA had to be known. The proportion of the catchment which was an HAA during an UQ storm event was estimated by arbitrarily increasing the UQ HSA size (estimated from rainfall-quickflow data) by 20%. The HAA was spatially distributed within the catchment by selecting the catchment areas with the Fig. 2 . Locations of the agricultural catchments in Ireland used in the study.
highest STI values until the catchment area selected was the HAA size. The lowest STI value within this selection was identified as the STI threshold value for delineating HAAs.
To calculate the overland flow volume generated from the HAA within the flow sink upslope drainage area, the HAA size (m 2 ) was multiplied by the UQ rainfall depth (m) to calculate the overland flow volume (m 3 ). If the overland flow volume was less than the flow sink volume capacity, the flow sink would topographically impede the overland flow and not 'fill and spill', and the whole upslope drainage area would by hydrologically disconnected from the open drainage network. The HSA Index was created by reducing STI values within these hydrologically disconnected flow sink upslope drainage areas by 75%. Thus high STI values (HAAs) within these areas were now low HSA Index values and not considered as HSAs. HSAs were spatially distributed within the catchment by selecting the catchment areas with the highest HSA Index values up to the same STI threshold value used to delineate HAAs. If the catchment area selected was larger or smaller than the UQ HSA size estimated from rainfall-quickflow data, the HAA size (originally estimated as 20% larger than the HSA size) was refined and the processes repeated. HSA maps for UQ as well as LQ and median storm events were then created.
Validating the HSA Index
Value distributions of slope, upslope drainage area, TWI, STI, flow sink depth (≥ 0.05 m), flow sink volume capacity (≥1 m 3 ) and the HSA Index were analysed for each catchment. The HSA Index was validated by comparing the HSA size predicted by HSA Index threshold values with the HSA size estimated by the rainfall-quickflow data using correlation analysis. A range of HSA Index threshold values were tested, from the lowest threshold value which matched the observed HSA size of a catchment, to the highest. Thresholds ranged from 13.3-14.7 for LQ storm events, 11.9-12.8 for median storm events, and 10.9-11.7 for UQ storm events. The same correlation analysis was repeated for the STI using the same threshold values for comparisons in performance of the two indices.
2.5. Using HSA maps to identify cost-effective locations for targeting mitigation measures HSA maps were used to identify breakthrough points and delivery points at HSAs as these were deemed to be cost-effective locations for targeting diffuse pollution mitigation measures if source pressures existed at present or in the future. These locations were prioritised based on the size of the upslope HSA draining into that point (a similar concept to upslope drainage area) and whether it would become active during LQ, median or UQ storm events. Furthermore, the costs of targeted and blanket implementation approaches over 1 and 5 years were estimated for each catchment using the RBS measure from the current agri-environment scheme in Ireland (Green Low-carbon Agrienvironment Scheme, GLAS; DAFM, 2015) as a case study. This is a realistic comparison as current RBS policies and the HSA approach here are based on hydrological risk only and do not consider pollution sources as in fully evolved CSAs. The total RBS length was calculated along the whole field-mapped open drainage channel network for the blanket approach, and at HSA delivery points for the targeted approach. RBS establishment costs were derived from current GLAS payment rates (€/m/yr) for each of the four margin widths available (3, 6, 10 and 30 m). These generic RBS establishment costs are included for case-study comparisons only and do not take into account likely variations in costs associated with establishing RBS in arable and grassland systems. The costs of the targeted approach also included an additional one-off cost of acquiring a LiDAR DEM for a 10 km 2 size catchment which ranged from €10,000-40,000, based on Ó hUallacháin (2014) and this study. Costs of targeted and blanket implementation of RBS were then compared. Fig. 3a and b) . This was despite it having the lowest TWI value distributions due to small upslope drainage areas from a dense drainage network. Conversely, Arable A had the highest TWI distributions due to large upslope drainage areas, but the lowest STI values (with Grassland A) due to the dominance of well drained soils with high K s D values. Arable B, which has a mixture of soil drainage classes, showed a larger proportion of high STI values compared to well drained Arable A and Grassland A. High STI values in these latter catchments tended to be found in concentrated areas where more imperfectly or poorly drained soils existed, particularly in lower hillslope positions.
Daily rainfall, quickflow and SMD data (for well drained soils) during 2009-2014 for each catchment are shown in Fig. 5 . Grassland B had much larger, flashier and more frequent runoff events, followed by Arable B. Arable A and Grassland A showed similar rainfall-quickflow responses, which were the lowest magnitudes of the four catchments. Arable A also showed more prolonged periods of elevated quickflow following rainfall, indicating old water contributions (i.e. not quickflow) and time lag dynamics. All catchments showed broadly similar magnitudes and temporal dynamics of rainfall and SMD, reflecting the dominant influence of North Atlantic weather systems. HSA sizes as a proportion of each catchment, estimated using the rainfall-quickflow data for selected events during saturated conditions, are shown in Table 2 . HSA sizes during LQ, median and UQ events were similar for Arable A and Grassland A, and represented relatively small proportions of the catchment (≤3.2%). However, during the largest rainfallquickflow events, HSA sizes represented significant catchment proportions (6.2-15.1%). Although LQ-median events in Grassland B also indicated relatively modest HSA sizes (2.1-3.4%), UQ and maximum sizes (8.5% and 19.1%, respectively) demonstrate the hydrological sensitivity of this catchment. HSA sizes in Arable B were the second highest of the four catchments.
For each catchment, Table 3 shows the total number of flow sinks, the total flow sink volume capacity, and the proportion of HAAs and catchment area that are hydrologically disconnected. Flow sinks were found throughout all catchments and represented very large overland flow volume capacities (between 8298 and 59,584 m 3 ). Thus these features were found to be significant barriers to hydrological connectivity of overland flow in all catchments, particularly in Arable B and Grassland A and B, causing up to 24.2% of HAAs and 33.4% of catchment areas to become hydrologically disconnected.
HSA maps
HSA Index and specific HSA location maps during upper, median and lower quartile storm events for each catchment are shown in Fig. 6a and b, respectively. Maps of HSAs indicate that all catchments experience both channelised and uniform sheet flow of runoff (including within riparian margins) because each catchment had a mixture of concave and convex hillslope topography. However, HSAs were much more diffuse and complex in Grassland B due to a combination of complex, hummocky microtopography (see Supplementary Fig. 1 ) and the dominance of poorly drained soils with low K s D across the catchment (see Supplementary Fig. 3b) . HSAs in Arable A and Grassland A were typically confined to poorly drained areas in lower hillslope positions, although narrow pathways also extended into upper hillslope positions. HSAs in Arable B were typically channelised, and situated in the imperfectly and poorly drained soils in the East, South and South-West. Within all catchments, roads and tracks acted as HSAs, but the majority of land areas adjacent to the open drainage channel network were not identified as HSAs (due to channelised runoff pathways or well drained ) for each catchment. Correlation analysis between the proportion of the catchment predicted to be an HSA using the STI or HSA Index and the proportion estimated using rainfall-QF data is also shown. soils). Bimodal distributions of HSA Index values in Fig. 4 and reductions in higher values compared to STI value distributions demonstrates the influence of flow sinks on impeding hydrological connectivity and HAAs in all catchments, particularly in Grassland A.
HSA Index validation
Distributions of the highest HSA Index values (Fig. 4) showed good agreement with the relative magnitude of rainfall-quickflow responses (Fig. 5 ) and HSA sizes (Table 2) in each of the four catchments. The largest, most hydrologically sensitive response to rainfall was predicted and observed in Grassland B, and then followed by Arable B. Arable A and Grassland A were predicted as the least sensitive, with similar HSA sizes, which was shown in the highest values of the HSA Index distributions. However, the raw rainfall-quickflow data (Fig. 5 ) indicated that Arable A had a slightly larger rainfall-quickflow response. This may be due a larger proportion of quickflow in this catchment being old water contributions to the ditch network, or the selected days used to estimate HSA sizes being a poorer representation of the whole population.
Correlation analysis showed that the size of HSAs predicted by HSA Index threshold values showed very good agreement with rainfallquickflow derived HSA sizes, indicated by the closeness of the data to a 1:1 relationship (Fig. 4) . Furthermore, a very strong positive relationship was shown between the inter-catchment differences in HSA sizes predicted by the HSA Index and the rainfall-quickflow data (r = 0.92). Although the STI also showed very strong agreement with rainfall- quickflow derived HSA sizes, and inter-catchment differences showed very good correlation (r = 0.92), comparisons of the data with the 1:1 relationship indicates that it tends to overpredict HSA sizes (Fig. 4) .
Cost implications for HSA targeting of mitigation measures
Proposed locations for targeting diffuse pollution mitigation measures at breakthrough and delivery points within HSAs are shown in Fig. 6b , with close-up examples shown in Fig. 7 . In Arable A and Grassland A, the majority of locations were in lower hillslope positions adjacent to the open drainage channel network, although several locations were identified at breakthrough points along pathways which extended into upper hillslope positions. The high diffusivity of HSAs and pathways in Grassland B meant that targeted locations were found throughout the poorly drained soils at all hillslope positions. Delivery points were also identified throughout Arable B due to the high variability of both topography and soil drainage throughout the catchment.
The costs of targeted and blanket implementation of RBS for each margin width are shown in Table 4 . Targeting RBS at delivery points within HSAs reduced costs compared to blanket implementation on average by €103,215 (66%) over 1 year and €616,077 (90%) over 5 years, based on 64 scenarios representing different RBS margin widths, LiDAR acquisition costs and the four study catchments of varying topography and soil drainage. The targeted approach also reduced potential RBS lengths in Arable A, Arable B, Grassland A and Grassland B by 97.4%, 96.8%, 94.6% and 97.3%, respectively. Table 3 Total number of flow sinks for each catchment, total flow sink volume capacities, and proportions of HAAs and catchment areas which are hydrologically disconnected from the drainage channel network due to flow sinks during the UQ rainfall-quickflow event under saturated conditions. 4. Discussion
The importance of flow sinks in mitigating pollutant transfers
Flow sinks were prolific throughout all study catchments (Fig. 4) , and prevented significant proportions of HAAs and their upslope drainage areas from being hydrologically connected to the drainage networki.e. a significant proportion were not HSAs (see Table 3 ). These features represent existing mitigation measures in the landscape that could attenuate diffuse pollutants and prevent delivery (Thomas et al., 2014; Schoumans et al., 2014) . They should, therefore, be considered in mitigation strategies to avoid the unnecessary implementation of measures at these hydrologically disconnected HAAs. Furthermore, the removal of these depressions and hedgerow banks, which are particularly common across agricultural catchments in North West Europe, could reduce the size of hydrologically disconnected HAAs by 8.5-24.2% in this study.
This could significantly increase surface runoff and associated risks to water quality, and as such these features should be preserved and enhanced.
Using the HSA Index to target and prioritise diffuse pollution mitigation measures
The HSA Index could improve the targeting of diffuse pollution mitigation measures compared to conventional topographic indices such as the TWI or STI, as it also identifies the HAAs that pose little risk of delivering pollutants. Furthermore, when using high resolution LiDAR DEMs, the HSA index can identify breakthrough points and delivery points that represent runoff-collecting-points and junctions of hydrological connectivity within and downslope of HSAs. The prevalence of microtopographic features (hedgerow banks) at field boundaries enhances mitigation potential, as multiple surface runoff pathways tend Fig. 6 . Maps of the HSA Index (a) and HSAs (b) for each catchment. HSAs were delineated by selecting the catchment areas with the highest HSA Index values up to the threshold value which corresponded to LQ, median and UQ HSA sizes empirically estimated using rainfall-quickflow data. Also indicated are breakthrough points and delivery points at HSAs where mitigation measures could be targeted.
to converge to single breakthrough points such as gateways or gaps in hedgerows at downslope field margins (Fig. 6b, Fig. 7) . Similarly, the topography in much of Arable A and Grassland A tended to channelise and converge runoff generated from HSAs within a subcatchment to only a few downslope delivery points. These locations are, therefore, potentially the most cost-effective and unobtrusive for implementing mitigation measures if pollutant source pressures are either identified or, importantly, are likely to exist in future intensification scenarios. Conversely, hummocky and flatter topography in Grassland B and rollinghillslopes in Arable B (Supplementary Fig. 1 ) tended to generate more sheet flow dynamics of overland flow, and larger diffusivity in HSAs and breakthrough and delivery points (Fig. 6) . Such diffusivity hinders the potential to target mitigation measures close to pollutant sources (e.g. at breakthrough points), and in such areas it may be more costeffective to target measures at delivery points only, or wider sections of the open drainage channel network. It should be noted, however, that identifying breakthrough and delivery points is a first step. The potential for implementation of mitigation options at these locations then needs to be discussed with farmers and landowners, especially in the context of farming operations.
This dialogue is important as the approaches and aims of mitigation at breakthrough and delivery points will differ, focusing on different stages of the pollutant transfer continuum. Measures targeted at breakthrough points would focus on reducing the transport and hydrological connectivity of pollutant transfer closer to the source in upper hillslope positions, via the interception and impediment of surface runoff. Additionally, measures targeted at delivery points would focus on preventing hydrological connectivity and pollutant delivery at the Fig. 7 . Close-up view of HSAs, breakthrough points (green), delivery points (blue), and flow sinks (grey). Table 4 RBS costs for blanket and targeted implementation approaches for each margin width within an agri-environment scheme. RBS lengths were calculated along the whole drainage channel network for the blanket approach, and at HSA delivery points (identified using HSA maps derived from the HSA Index) for the targeted approach. drainage network in lower hillslope positions. This constitutes a catchment 'treatment-train' approach to runoff and pollutant transfer pathways at both breakthrough and delivery points (e.g. Ferrier et al., 2005; Bastien et al., 2010) . For example, various precisely targeted measures at breakthrough points could include depressions and hedgerows (Schoumans et al., 2014) , runoff attenuating features (Wilkinson et al., 2014) , relocation of gateways, and sediment and nutrient traps (USEPA, 1993) . Targeted delivery point measures along the 'treatment-train' could include RBS (Tomer et al., 2003) , small field wetlands (Ockenden et al., 2014) , permeable reactive interceptors , rural sustainable drainage systems (Environment Agency, 2012) and the modification of open ditch geometry . Targeting measures at breakthrough and delivery points can be prioritised to further improve cost-effectiveness. Breakthrough and delivery points with the highest HSA Index values should become hydrologically active more frequently (e.g. during LQ or median storm events), and thus should be prioritised, whereas those with slightly lower values will only become hydrologically active during more intense or prolonged (UQ) events. However, hydrologically sensitive moments during these largest events are when the greatest pollutant transfers occur , and as such implementing mitigation measures at such locations should not be dismissed. Nevertheless, results suggest that the most extreme hydrologically sensitive moments in Arable B and Grassland A and B may be very difficult to mitigate, as maximum HSA sizes represented 15.1-22.8% of the catchment area (Table 2) . Another approach for prioritising measures is upslope HSA size, as points with larger upslope HSAs should experience greater runoff volumes and potential for pollutant transport (see Fig. 6 ). The design of measures at high-priority points must, therefore, account for increased runoff frequencies and volumes. Runoff volumes can be calculated using upslope HSA size and rainfall depths similar to the methodology used in Supplementary Fig. 2 . Finally, mitigation measures could be focused on sections of the open drainage channel network at highest hydrological sensitivity and risk of pollutant delivery, identified as those with a greater number of delivery points or high priority points (e.g. Fenton et al., 2014; Shore et al., 2015) .
HSA Index application and further development
In addition to being a realistic hydrological transport component if used in a fully evolved CSA Index or model, the HSA Index could be used to encourage the uptake of mitigation measures such as targeted RBS by farmers within agri-environmental or species conservation schemes. This is especially pertinent in those agricultural catchments where hydrological transport and connectivity is an overwhelming component in the pollutant transfer continuum from soil surfaces (Thompson et al., 2012) , or where agricultural intensification is planned which could substantially increase source and land management pressures. Results here indicate that the HSA approach would considerably reduce RBS implementation costs by significantly reducing the amount of agricultural land that would be taken out of production compared to blanket implementation (Table 4) . It would also minimise the disturbance of agricultural practices as breakthrough and delivery points are unobtrusive locations within edge-of-field margins. These are key concerns that currently dissuade farmers from adopting RBS (Buckley, 2012; Buckley et al., 2012) . For example, of approximately 27,000 farmers in Tranche 1 of GLAS in Ireland, only 101 applied for RBS margins; 11, 5, 9 and 76 for RBS margins of 3, 6, 9 and 30 m, respectively (Department of Agriculture, Food and the Marine, pers comm). This follows very low uptake in previous agri-environmental schemes in Ireland (Carlin et al., 2010) . As the efficacy of RBS in reducing pollutant transfers increases with wider margins (Zhang et al., 2010; Hoffmann et al., 2009; Schmitt et al., 1999) , encouraging the adoption of wider RBS margins through a targeted approach is important. Other studies also demonstrate the improved cost-effectiveness likely with a targeted approach (e.g. Qiu and Dosskey, 2012; Doody et al., 2012 , Ó hUallacháin, 2014 .
To more accurately model temporal variations in HSA extents, the HSA Index could be fully integrated with a SMD model (e.g. Schulte et al., 2005) and rainfall data, similar to approaches by Dahlke et al. (2013) , Schneiderman et al. (2007) and Archibald et al. (2014) . This would be particularly useful for identifying hydrologically sensitive moments (i.e. runoff forecasting) and informing best management practices such as temporary restrictions to fertiliser applications to reduce incidental losses. This approach would thus account for differences in rainfall frequency and intensity between catchment locations and hence differences in the hydrological activity of HSAs.
Conclusions
An essential component of CSA models used to manage diffuse pollution in agricultural catchments is a realistic representation of hydrological transport. This need is even greater in catchments where hydrological transport has a predominant control in pollutant transfers. In this study, HSAs were defined at the sub-field scale, and took into account the effects of flow sinks on hydrological connectivity from soil surfaces to the open-channel network. LiDAR DEMs at a fine scale resolution (0.25-2 m), combined with soil hydraulic properties to give an overall Soil Topographic Index, was the framework for defining a HSA Index, and this is the recommended scale for defining these risk assessments at sub-field scale.
Analysis of rainfall-quickflow patterns indicated that HSAs ranged from 1.6-3.4% of the catchment area during median storm events and 2.9-8.5% during upper quartile events depending on whether well or poorly drained soils dominated. These HSA sizes showed very strong agreement with the predictions of HSA sizes derived from HSA Index threshold values, and strong positive relationships between intercatchment differences were found (r = 0.92).
Results showed that flow sinks were widespread throughout all catchments and caused 8.5-24.2% of HAAs and 16.8-33.4% of catchment areas to become hydrologically disconnected from the open drainage channel network. Without considering these runoff-attenuatingfeatures, diffuse pollutant mitigation measures would be unnecessarily implemented.
Furthermore, the identification of 'breakthrough' and 'delivery' points on HSA maps facilitates a catchment 'treatment-train' approach, which precisely targets different mitigation measures along the pollutant transfer continuum. This kind of approach is likely to reduce the amount of land deemed necessary for diffuse pollution measures. For example, in this study, the potential implementation costs of riparian buffer strips were reduced in scenario agri-environmental schemes by 66% and 90% over 1 and 5 years, respectively, due to an average decrease in RBS lengths of 96.8%.
In addition to being able to provide a sub-field scale transport component within a fully evolved CSA model, the HSA approach defined here has the potential to be used to pre-empt or to offset the increase in source pressures that might occur due to land use intensification, especially in catchments dominated by surface runoff pathways. Using available LiDAR and soils data, the approach, therefore, is suited as a tool to support sustainable agricultural intensification.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.scitotenv.2016.02.183. DAFM for discussions on the applicability of topographic indices within policy, and acknowledge FugroBKS Ltd., Coleraine, N. Ireland, for acquisition of the LiDAR data.
